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ABSTRACT 
The aim of this study is to design and develop novel carbon nanotube and graphene 
based platforms as biosensors for electrochemically detecting dopamine. The use of 
such novel nanostructure, which was introduced with functional groups or bio-
recognizition molecular, will enable the development of affinity-based biosensors for 
disease diagnostics and therapy monitoring. The electrical devices are extremely useful 
for dopamine determination in a fast and simple way. 
In this study, a Nafion/MWCNT chip prepared by inkjet printing was developed for 
rapid dopamine determination in human serum. A well dispersed Nafion/MWCNT 
composite was investigated with homogeneous double layers which increased the 
efficiency of dopamine detection, producing a measurable current change at the 
underlying sensor electrode. This platform as described successfully demonstrated 
detection of dopamine concentrations (0.1 M to 10 M, R=0.999) using DPV and 
amperometry methods. This direct measurement of dopamine in serum samples without 
pretreatment and dilution is reported for the first time in a Nafion/MWCNT system.  
In addition, to improve the specificity of the detecting probe, the direct electrochemical 
detection of antibody-antigen recognition was developed. Graphene can be used as an 
electrode surface for sensitive detection of a label. Graphene sheets were modified with 
gold nanoparticles or the dopamine antibody fragments (Fab’) loaded with sulphur 
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binding with gold. Unfortunately, such bio-sensing systems did not perform sensitively 
and selectively for detection of the neurotransmitters/neurochemicals by utilizing 
certain nanostructure and introducing various functional groups. Further study will be 
conducted on analysing fragments’ and the whole antibodies’ activity and affinity of 
specific recognition.  
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1.  General introduction 
1.1 Motivation 
The ability to detect and quantify specific molecules, such as diagnostic proteins, drugs 
or environmental contaminants, plays an increasingly important role in our safety and 
well being. The accurate, timely and cost-effective detection of molecular targets is of 
great importance to applications ranging from clinical diagnostics, to environmental and 
food-safety monitoring, forensic identification and bio-threat detection. Taking clinical 
diagnostics as an example, several different experimental methods have been widely 
used to detect neurotransmitter released in the intact brain, such as radioimmunoassay, 
single photon emission computed tomography (SPECT) scans, and intracerebral dialysis 
method that combining with high performance liquid chromatography (HPLC) and 
electrochemical detection [1-4]. These traditional methods are very sensitive and 
specific, and utilised as clinical supports in diagnosis of neuronal system diseases. 
However, due to limitations of high cost, time-consumption and prerequisite of trained 
operators, the delay of the diagnosis and treatment may lead to irreversible result of 
patients’ conditions. The rapid and efficient test based on point-of-care devices is 
therefore of the utmost importance in the field of clinical diagnostics. The 
electrochemical approach is one of the most promising methods for demonstrating 
highly specific recognition of target analytes and showing a direct signal [5]. Compared 
to other conventional methods, bio-electrochemical sensors show many advantages: an 
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extremely small device can be made to conveniently implant in vivo or directly test real 
samples with minor tissue damage and, because the response is fast, the 
neurotransmitter can be monitored in real time [6]. Indeed, despite decades of effort 
researchers have yet to find a general approach that adapts the versatility, specificity and 
affinity of the biological recognition event into user-friendly, inexpensive, and 
miniaturizable detection platforms. Motivated by the goal of expanding biosensors, I 
propose to develop the detection of a wide variety of clinical and other biologically-
relevant targets. 
1.2 Electrochemical biosensors 
A biosensor is a device that detects the concentration of selective analytes in the sample 
and converts the specific biochemical reactions, mediated by isolated enzymes, 
immunosystems, tissues, or whole cells, into electrical, thermal, mass or optical signals 
[7, 8]. In this technology, the biological recognition event is transduced into an easily 
read output that readily signals the presence and, preferably, the amount of target 
present. Compared to other methods of biodetection, biosensors have many advantages 
such as increased assay speed, flexibility, and immediate interactive information to 
users. These benefits prove that biosensors are ideal for the applications in medical, 
environmental, public security and food safety areas [9, 10]. To date, only one portable 
biosensor is on the market, and little progress has been made toward the development of 
others that are both quantitative and reagentless. The single exception is a glucose-
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oxidase-based blood sugar sensor (Figure 1.1) similar to those that were first described 
by Clark and Lyons in 1962 and Updike and Hicks in 1967, before becoming into 
widespread daily use by diabetics across the globe today [11, 12]. 
 
Figure 1.1: Blood sugar testing by glucose-oxidase-based sensor [13, 14]. 
A biosensor is generally based on the judicious and intimate coupling of the chemical or 
biological recognition layer that facilitates specific binding to or biochemical reaction 
with a target material and a physical transducer (e.g. electrode) that is used to monitor 
the response from the reaction. (Figure 1.2) [15, 16]. Take glucose sensors as an 
example, the glucose oxidase enzyme is used as a biorecognition element and the 
transducer is conductive substrates, such as graphene sheet, conducting polymer 
composites and so on. The glucose oxidase oxidizes glucose to gluconic acid and 
shuffles electrons into the oxygen and then reduces to hydrogen peroxide which is 
typically detected electrochemically [17].  
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Figure 1.2:  Biosensors’ elements and selected components[18]. 
The fabrication of the transducer is a significant process to improve sensing devices’ 
performances, especially the election of the high sensing materials coated on the signal 
conversion unit. The amelioration of sensitivity and selectivity have been investigated 
by incorporation of  a variety of nanostructured materials, such as carbon nanotubes 
(CNTs), graphene, metal nanoparticles, magnetic nanoparticles quantum dots and so on 
[19-25].  
 CNT based biosensor 1.2.1
CNTs are a single or concentric cylindrical sp
2
 carbon cylinders and this unique 
structure has been attracted intense research interest to explore the novel electric and 
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mechanical properties and applications of these materials since the discovery by Ijima in 
1991 [26-28]. They offer unique properties such as enhanced electronic properties, a 
large edge/basal plane ratio, and rapid electrode kinetics [29-31]. Recently, CNT 
production has been exceeded several thousand tons per year, and CNTs and their 
composite materials have been used in energy storage, automotive parts, boat hulls, 
sporting goods, water filters, thin-film electronics, coatings, actuators and 
electromagnetic shields [32-34].  
Currently CNTs are of interest in the building of advanced devices for small 
electrochemical detection applications that are sensitive to chemical and mechanical 
environments of the nanotubes [35]. Due to biocompatibility, bio-electrocatalytic 
properties, chemical functionalities, and physical stability, CNTs are applied for 
accumulating important bio-information (e.g. dopamine, glucose and proteins) which 
has been proven to enhance electrochemical reactivity and promote electron-transfer 
reaction of biomolecules in electrochemical detection devices [6]. For example, Joseph 
Wang’s group reported that a three-dimensional CNT/Teflon matrix electrode was 
prepared for  effective low-potential amperometric biosensing of glucose and ethanol, 
respectively, in connection with the incorporation of glucose oxidase and alcohol 
dehydrogenase/NAD+ [36]. This electrode overcame a major obstacle for creating 
CNT-based biosensing devices and expanded the scope of CNT-based electrochemical 
devices. Shah Ali and co-workers investigated sensitive and selective dopamine 
detecting using a polyaniline/Nafion/CNT based sensor [37]. The application of carbon 
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nanotubes greatly improved electrochemical activity of the polymer in physiological 
buffer, and the large surface area of the carbon nanotubes largely increased the density 
of the boronic acid receptors. In addition, there are some more CNT-polymer composite 
electrodes such as poly(vinyl acetate) deposited CNT film, polystyrene/CNT hybrids, 
and polyethylene glycol (PEG) chains activated CNTs have been successfully 
developed for simultaneous electrochemical determination [38-40]. In summary, the 
functionalization of CNTs by various approaches is an extremely effective to develop 
novel biosensors with highly selective and sensitive activity. 
 Graphene based biosensor 1.2.2
Graphene is a 2D single-layer graphite sheet consisting of sp
2
 carbon with a honeycomb 
structure. Graphene sheets have been drawn attention by a number of researchers due to 
their interesting and exciting properties, such as high mechanical strength, high surface 
area (~2630 m
2
·g
-1
), sufficient porosity, superior conductivity, unique heterogeneous 
electron transfer and charge carrier rates, a broad potential window, rich surface 
chemistry, low production costs, high elasticity, and thermal conductivity [41-43]. In 
consideration of low cost and low environmental impact, biosensor based devices have 
begun to employ this conductive material in their fabrication of transduction providing 
electrical, electrochemical and optical signals in the sensing process [17].  
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Graphene has been used for electrochemical immunosensing. In immunosensing, the 
direct electrochemical detection of antibody-antigen recognition is usually not possible 
and electrochemically active labels must typically be used. There are two strategies in 
which graphene can be used. First, graphene can be used as an electrode surface for 
sensitive detection of a label [44]. This case is employed for the graphene-enhanced 
detection of α-fetoprotein, which is a cancer biomarker. Graphene sheets are modified 
with antibodies, then the α-fetoprotein is added and consequently secondary antibodies 
loaded with microspheres bearing horseradish peroxidase (HRP) enzyme as a sensitive 
label [44]. The second approach employs graphene as a label-bearing nanocarrier [45, 
46]. More specifically, a gold nanoparticle electrode is modified with a probe antibody, 
to which phosphorylated protein is entrapped. The secondary antibody is conjugated 
with graphene oxide and horseradish peroxidase to generate large amounts of 
electroactive molecules and thus a larger signal. 
 Gold nanoparticle based biosensors 1.2.3
Gold nanoparticles (AuNPs) possess distinct physical and chemical attributes that make 
them excellent scaffolds for the fabrication of novel chemical and biological sensors 
[47]. Due to the ease of functionalization, AuNPs have been readily synthesized in 
various sizes, shape and the surrounding chemical environment. This provides a 
versatile platform for biological assemblies with olionucleotides, antibodies, enzymes, 
etc [48]. In addition, the properties like high surface-to-volume ratio and excellent 
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biocompatibility provide more conjugate point for biorecognition molecules. Therefore, 
AuNPs offer a suitable platform for selective binding and detection of biological targets 
in a range of biomedical application for diagnostics and therapeutic supports [49-51]. 
Each of these attributes of AuNPs has allowed researchers to develop novel sensing 
strategies with improved sensitivity, stability and selectivity. In the past decade of 
research, the advent of AuNP as a sensory element provided us a broad spectrum of 
innovative approaches for the rapid and efficient detection of metal ions, small 
molecules, proteins, nucleic acids, malignant cells, etc [52]. 
Electrochemical sensors based on AuNPs enhance electrochemical signal transduction 
between the receptor and the transducer, attributed to binding stability, size- and shape-
related electronic properties and large surface volume. Shipway’s group employed 
AuNP colloids to fabricate a highly sensitive and selective electrochemical sensor [53]. 
An AuNP/polymer based immunosensor was reported to successfully detect 
osteoproteogerin with detection limits of 2 pg/mL [54]. Recently Rusling et al 
constructed a densely packed AuNP platform combined with a multiple-enzyme 
labelled detection antibody bioconjugate for HIV protein determination in serum [55]. 
In this approach, glutathione-AuNPs were layer-by-layer assembled by electrostatic 
adsorption and antibodies were easily captured with the functional groups on the AuNP 
surface. An extension of this model using magnetic beads for easy magnetic separation 
and immunoreactions leads to greater signal amplification by AuNPs. This platform 
shows eight fold better detecting limit than their previous CNT sensor.     
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1.3 Dopamine determination sensor 
Dopamine (DA) is one important catecholamine neurotransmitter that is produced in 
adrenal glands and brain and involved in brain-body integration [56]. As a potent 
neuromodulator, it produces effect on emotion, movement, heart rate, blood pressure, 
memory and so on [57]. Low levels or practically complete depletion of dopamine in 
the central nervous system is believed to be related to several neurological diseases, 
such as schizophrenia and Parkinson’s disease [58]. Numerous publications have been 
described biosensors for some important neurotransmitter/neurochemicals, including 
dopamine [59]. 
Since electrochemical detecting of DA has been utilized as a simple analytical technique 
to monitor brain chemistry in the early 1970s, the researchers focus on the development 
of the sensitivity, selectivity as well as the low limit of detecting [60]. One of the critical 
issues that needs to be overcome is the overlapping or close oxidation potential (Eox) of 
DA with co-existence compounds, particularly from the major interfering species AA 
(ascorbic acid) and UA (uric acid) in the nerve system [61]. Recent studies suggested 
that the application of electrodes based on nanomaterials like CNTs or graphene has a 
favourable effect on the selective sensing of DA in presence of high concentration AA 
or/and UA [62, 63]. These kinds of electrochemical sensing devices have highly 
enhanced electrochemical reactivity and promote the electron-transfer reaction of 
biomolecules when accumulating the important bio-information [64, 65].  
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Unfortunately, successful implementation of such strategies has proven elusive, due to 
the complex content of the unprocessed fluid samples. Up to now, there are very few 
reports about the DA electrochemical sensing in the serum samples without any 
pretreatment and dilution [66]. Previous developed DA sensor typically applied serum 
that was diluted in PBS buffer or even utilized pure PBS [67, 68]. The challenge of this 
model system is that the low DA concentration (1 M)  decreases gradually after 
dilution and is out of the detecting range of the sensors [66, 69]. Furthermore, the 
simple PBS system fails to simulate the complex body fluid ingredients (e.g. DA, 
ascorbic acid, uric acid, glucose, proteins) to meet the demand of practical applications 
in real samples [68, 70]. Not only does oxidation of interferences produce false signal, 
but also serum contents are competitive to be absorbed on the electrode surface, which 
represses the signal transduction between DA and platform.  Thus far the direct 
determination of DA has been set up and further studies are in urgent need for the 
applications of disease diagnostics and medical monitoring.   
1.4 Immobilisation techniques 
Nanomaterials such as gold nanoparticles, carbon nanotubes and graphene become very 
common in the development of electrochemical biosensor devices for important 
analytes such as glucose, cancer markers and drugs delivery [71]. Due to excellent 
biocompatibility, these nanomaterials are trended to be incorporated with bio-
recognition molecules like antibodies, enzymes and DNA to improve biosensors 
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performance, especially specific detection, detecting limitation and stability. There are 
several kinds of immobilisation techniques that were employed for conjugation of 
antibodies with nanomaterials. Physical adsorption, chemical adsorption, and self-
assembling monolayers are the most common methods onto hybrid biosensors. 
Physical adsorption is the simplest way to manufacture immunosensors that are based 
on antibody-antigen interaction. Electrostatic adsorption of antibodies or proteins 
directly onto transducer surface is one of most common physical adsorption. The 
surface functionalised nanomaterials with positive charged ligand are associated with 
amino acid. The negatively charged antibodies are electrostatically adsorbed to balance 
the nanomaterials and maintain the charge neutrality. In this process, the simple method 
is to drop antibody solution on the surface by merely dipping the modified electrode. 
Despite of the benefit of promptness and simplicity, there are inherent shortcomings 
including decreased functionality and unstable bonds between biological components 
and conductive materials [72].  
Chemical adsorption immobilisation is the covalent attachment of biorecognition 
substance to the transducer. This is a much stronger attachment than the physical 
adsorption. Linker molecules such as glutaraldehyde or carbodiimide are the common 
reagents involved in the chemical cross-linking. They provide binding sites at carboxy 
or aldehydic groups by condensation reaction. Panpan Wang et al. fabricated the 
electrochemical immunodevice based on antibody modified CNT paper via 
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glutaraldehyde cross-linking [73]. They confirmed that the cross-reactivity between 
antibodies and nonspecific binding at the working zones could be eliminated. Another 
classic example is gold-sulphur interaction which forms strong bonds with relatively 
high affinity of 126-146 KJ/mol [74]. It is widely applied for conjugation gold 
nanoparticles with biological linkers, functional groups and other molecules. 
Chemisorption is achieved via covalent interaction between the –SH groups of the 
cysteine residues or other cross-linkers and AuNP surface. 
1.5 Device fabrication 
Since rapid development in graphic arts and newspaper industry, printing technology 
has been adapted for the production of large volume electronics, for examples thin-film 
transistors, radio frequency identification tags, and solar cells [75]. In particular, digital 
inkjet printing, which has been used as a low cost research tool, is facilitating initial 
exploration of various aspects of printed electronics in a laboratory setting. In general, 
inkjet printing is a digital, non-contact printing technology that does not require an 
intermediate carrier for the image information deposited onto the substrate. Inkjet-
printed electronics are an attractive option for the fabrication of arrays due to their 
relative speed of fabrication, ability to produce three-dimensional structures, and non-
contact nature of the process. This allows a great deal of flexibility at the research and 
development stage as it does not require costly design and fabrication of specific 
stencils, screens or rollers.[76]. Printed patterns can be evaluated and changed rapidly at 
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minimal cost using simple CAD software. In addition, the availability of flat bed 
instruments for intermediate research, development and low volume production scale 
allows for transition from the laboratory bench to the production plant. Inkjet can also 
be made in large area and high throughput by the ganging of many print heads into large 
linear arrays. 
 
Figure 1.3: (A) Eight-electrode AuNP arrays in a single run printed by Dimatix 
Materials Printer; (B) Printed AuNP array with the protective polyimide insulating film; 
insert: building the immunoassay for electrochemical detection of human cancer 
biomarker [77]. 
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Jensen and his colleagues reported the application of inkjet depositing alkyl thiols on 
gold in electrochemical array production for detection of cancer biomarker in serum 
(Figure 1.3) [77]. It offers an inexpensive non-contact fabrication method for 
microelectronics that is easily adapted for incorporation into sensor devices. In the 
inkjet printing process, the ink must meet the key requirements, such as chemical 
stability, particle size, excellent charge-transport, surface tension and viscosity [78]. 
Despite of high conductivity and good performance in sensing, the ink employed in 
printing must be either solute dissolved or dispersed in a solvent and pass through the 
nozzles without aggregation. This might be one of main limitations in the applying for 
printing technology in sensor fabrication [79]. In most cases, fabrication of functional 
device structures with inkjet printing involves the use of dilute polymer solutions. 
Successful application of various materials will allow a wider entry and adoption of 
inkjet technology. In such situations, more complicated patterns are able to be modelled 
and an inkjet can truly become a laboratory tool for materials discovery and device 
fabrication. 
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Figure 1.4 Flexible printable microsensor arrays (A) and tattoo sensor (B) [80, 81]. 
With continued innovation and attention to key challenges, a wide range of flexible 
electrochemical sensors have been developed as personal health care monitoring 
applications for field-based real-time monitoring of electrolytes and metabolites in 
sweat, tears, or saliva (Figure 1.4A)  [82]. Windmiller, et al. reported a new fabrication 
approach combining commercially available temporary transfer tattoo paper with 
conventional screen printing and solid-contact polymer ion-selective electrode (ISE) 
methodologies (Figure 1.4B)  [80]. The fabrication process was first involved printing 
the blue insulator ink, followed by the Ag/AgCl and the carbon inks, and finally, by 
another blue insulator layer. The ISE tattoos were firstly examined in vitro by applying 
them onto hard plastic substrates prior to on-body epidermal studies. The device 
responds rapidly to the dynamic pH changes, regaining the same potentiometric signal 
for a given solution pH during this continuous operation. The application of these new 
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series of electrochemical sensors for health monitoring of relevant compounds of 
physiological and security importance has leveraged conventional and widely-deployed 
printing techniques in conjunction with potentially commercial medical instruments. 
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2. General experimental 
2.1 Reagent and materials 
Reagent name Grade Company 
Acetone Analytical reagent  Ajax 
Finechem 
Ascorbic acid Analytical reagent Sigma 
Multi-walled carbon nanotube  Thin 95% C purity Nanocyl 
Disodium hydrogen phosphate 
heptahydrate  
Analytical reagent Sigma-Aldrich 
Dopamine hydrochloride Analytical reagent Sigma-Aldrich 
Ethanol Analytical reagent Ajax 
Finechem 
Gold(III) chloride trihydrate 99.999% trace metals basis Sigma-Aldrich 
Hydrochloric acid Analytical reagent Sigma-Aldrich 
Hexane Analytical reagent Ajax 
Finechem 
Nafion 5% in lower aliphatic 
alcohol and water 
Fluka 
Oleylamine Analytical reagent Ajax 
Finechem 
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Sodium chloride  Analytical reagent Fluka 
Sodium dihydrogen phosphate  Analytical reagent Fluka 
Sodium hydroxide Analytical reagent Fluka 
 
2.2 Material preparation 
 Ultrasonication of CNTs 2.2.1
The dispersion of carbon nanotube in ethanol or water was carried out using 30W and 
20Hz in the pulse method of 1 second on/ 1 second off for 1 hour. The dispersion of 
functionalized CNT was ultrasonicated with the same procedure for 30 minutes. The 
ultrasonication is Branson Digital Sonifier Model 102C. 
 Ink-jet printing 2.2.2
The Nafion/MWCNT chips were printed from inkjet printable Nafion/MWCNT 
nanodispersion by using a piezoelectric Dimatix Materials Printer (DMP 2800), 
equipped with a 10 pL cartridge (DMCLCP-11610) at room temperature. The 
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formulation was typically printed using a jet voltage of 25.0 V, a frequency of 5.0 kHz, 
and a customized wave-form.  
 Microwave assisted synthesis 2.2.3
Microwave assisted reduction of metallic salts is a relatively new reduction technique 
that has shown significant progress in terms of reducing the time taken to reduction 
compared to traditional reduction techniques [1]. Microwave assisted reduction will 
commonly utilise a polyol as both the solvent and the reducing agent. In this study, a 
microwave oven (MDS-10, Sineo Microwave Technology) with a PTFE-lined pressure 
vessel was applied to heat the HAuCl4 solution to 90 °C. 
2.3 Characterisation 
 Scanning electron microscopy 2.3.1
Scanning electron microscopy (SEM) is widely used for morphological analysis of 
nanostructured materials. The images obtained are created through the focusing of a 
high energy beam of electrons via a thermionic, Schottky or field emission cathode onto 
the sample. In this study, a Zeiss ULTRA Plus SEM was used to monitor electrode 
materials. AuNPs and AuGO were placed into the vacuum system, attached on a stage 
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using adhesive carbon tape. Nafion-MWCNTs solution was dropped on the glassy 
carbon and ready to be analysed after dried in the oven. 
 Transmission electron microscopy 2.3.2
High resolution transmission electron microscopy (TEM) imaging was performed on a 
JEOL 2100 TEM. All samples were prepared for TEM by dispersion in water or hexane. 
The dispersions were dropped cast onto holey carbon TEM grids and dried in the 
fumehood prior to TEM analysis. 
 X-ray diffraction 2.3.3
X-ray diffraction (XRD) refers to the analysis of the crystallographic structure of the 
material based on the reflection of the incident x-ray radiation along lattice planes 
within a crystal structure. XRD is based on Bragg’s Law which states that the angle of 
reflection is related to the distance between reflecting planes. Due to variations in lattice 
parameters for different chemical compounds, the angle of reflection is characteristic for 
the crystallographic plane of a given material. Rotation of the stage upon which the 
sample is mounted allowing for examination of multiple different planes within a single 
sample giving lattice structural information. 
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XRD was performed on a Shimadzu S6000 x-ray spectrometer with a copper target. 
Spectra were obtained between angles of 5° and 90° with typical scan speeds of 1°/min 
utilised.  
 Dynamic light scattering         2.3.4
Dynamic light scattering is used to determine the size distribution profile of small 
particles in suspension or polymers in solution. This technique measures the diffusion of 
particles moving under Brownian motion, and converts this to size and a size 
distribution using the Stokes-Einstein relationship. Non-invasive back scatter 
technology (NIBS) is incorporated to give the highest sensitivity simultaneously with 
the highest dynamic size and concentration range. In this work, Malvern Nano-ZS 
Zetasizer dynamic light scattering instrument was used to measure the particle size and 
distribution of AuNPs. The AuNP nanoformulation was characterized directly after 
dialysis without dilution or filtration using 1 mm square quartz cuvettes. 
2.4 Electrochemical techniques 
 Cyclic voltammetry  2.4.1
The evaluation of electron transfer process at an electrode surface was performed by 
cyclic voltammetry (CV). This electroanalytical technique employs repetitive triangle 
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waveforms that swept at a constant rate from the initial potential to vertex potential, and 
back to initial one and records current between the working electrode and the counter 
electrode versus the applied voltage. In this study, CV was employed to investigate the 
thermodynamical and kinetics of CNT and AuGO based electrodes in a three-electrode 
cell with a platinum mesh counter electrode and Ag/AgCl reference electrode. The 
measurements were recorded using a CHI 730C biopotentiostat (CH Instruments Inc., 
USA). 
 Differential pulse voltammetry 2.4.2
Differential pulse voltammetry (DPV) is an electrochemical measurement of 
redox properties of electroactive conducting samples. A rectangular pulse potential is 
applied and current is measured shortly before the start of each pulse and at the end of 
each pulse. The pulse width is set up to adjust the working time of inter level potential 
from an initial potential and to final one. During the pulse repeating, the potential 
between the working electrode and the reference electrode changes at a constant 
difference which is plotted to the current between the working electrode and the counter 
electrode. In this study, CHI 730C biopotentiostat (CH Instruments Inc., USA) was 
carried out for determination of DA concentration using CNT-based electrodes. 
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3. Ink-Jet Printed Nafion/MWCNT Chips Fabricated Bio-Electrochemical 
Sensors for Human Serum Dopamine Determination 
3.1 Introduction 
Dopamine (DA) electrochemical biosensors have received increasing attention for early 
diagnosis of Parkinsonism, schizophrenia, and scurvy, etc. [1, 2]. Compared to 
traditional clinical methods, electrochemical methods prove attractive due to simple 
operating processes, rapid detection and cost-effectiveness. Point-of-care results can be 
directly shown on a monitor by electrochemical redox of DA. Unfortunately, successful 
implementation of such strategies has proven elusive, and there are very few reports 
about DA electrochemical sensing in unprocessed serum samples [3]. Previously 
reported DA sensors typically applied serum diluted in PBS or even pure PBS that fail 
to simulate the complex serum environment (e.g. DA, ascorbic acid (AA), uric acid 
(UA), glucose, proteins) [4, 5]. Another challenge is that low DA concentration ( 1 
M)  decreases gradually after dilution and is out of the detection range of the sensors 
[3, 6]. Hence, direct determination of DA remains elusive and novel sensor platforms 
are in urgent need for applications in disease diagnostics and medical monitoring.   
Prior to real sample evaluation, DA detection should be first successfully confirmed in 
saline with interferences present, particularly AA (up to 114 M) and UA (137-494 
M) that have a  102-103 higher concentration than DA and an overlapping oxidation 
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potential [6]. One common strategy for elelctrochemical detection of DA is to use 
electromaterials that are highly effective to detect target analytes with a strong 
electronic signal, among which carbon nanotubes (CNTs) are proving to be exceptional 
examples because of price, bio-electrocatalytic activity, their electronic properties and 
physical stability [7, 8]. To improve the detection of low concentrations of DA from 
interferences, two approaches have often been adopted for modifying CNT sensors: 
complexation with Pt/Au nanoparticles or conducting polymers to improve the electrical 
performance of the electrode; and incorporation of anionic groups to minimise the 
interference from AA and UA, achieved through chemical erosion or functionalisation 
of CNTs [7, 9]. Nafion, as a perfluorosulfonated cation-exchange polymer, has shown to 
effectively improve the selectivity of DA sensing due to its ability to attract positively 
charged DA molecules while rejecting anionic species [10]. Nafion also serves for 
solubilizing and casting the CNTs onto the electrode surface, transferring the uniform 
dispersion to controllable sensing film. This advantage would make it possible to 
fabricate CNT in novel sensor designs.  
In consideration of medical applications, sensor fabrication techniques have attracted 
great attention, among which the inkjet printing method has been employed as a low 
cost tool to facilitate exploration of electronic patterns [11]. However, CNTs are neither 
dissolved nor well-dispersed in solvents, thereby failing to pass through the nozzles 
without aggregation. Introduction of conductive polymer has been one approach for 
enhancing the properties of CNT suspensions to achieve film homogeneity, thickness 
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and flocculation [12]. Therefore, the composites are able to be printed by depositing 
thin films on the flexible substrate, the design of which presents the possibility of 
disposable sensing chips that are low-cost, contamination resistant and convenient [13].  
In this thesis, we have described, for the first time, inkjet printing Nafion/multi-walled 
CNT (MWCNT) chips and their application as a disposable platform in human serum 
DA determination. In order to prepare a printable formulation, we synthesized 
homogeneous double-layer MWCNT/Nafion that alleviates  diffusion issues [10]. This 
proposed sensing platform presents enhanced sensitivity and selectivity in DA 
determination of untreated real serum samples using DPV and amperometry.  
3.2 Experimental 
MWCNTs (4 mg, Nanocyl) were added to Nafion water solution (10 mL, 0.05 wt%, 
Sigma) followed by ultrasonication (Branson Digital Sonifier Model 102C) for 30 
minutes. Then the dispersion was stirred overnight until well dispersed MWCNTs were 
achieved. Polished glassy carbon (0.2475 cm
2
, GC) electrodes were coated with 20 L 
Nafion/MWCNT and dried in an oven at 60°C. Nafion/MWCNT chips were printed by 
Dimatix Materials Printer 2800 (0.8*0.8 cm
2
, 15 layers) on ITO coated PET and dried 
in an oven at 60°C. 
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The Zeta potential of Nafion/MWCNT was measured using a Zetasizer Nano ZS 
(Malvern Instruments). The surface morphology of electrodes was examined by a SEM 
(JSM7500FA, JEOL) and TEM (JEM2011, JEOL). Cyclic voltammetry (CV) and 
differential pulse voltammetry (DPV) were conducted on a CHI720C electrochemical 
workstation (CH Instruments Inc.). Amprometry was investigated using a Princeton G 
model 283 workstation (Princeton Applied Research). All electrochemistry 
measurements were conducted at room temperature with Nafion/MWCNT working 
electrode, Pt counter electrode and Ag/AgCl reference electrode. Phosphate buffered 
saline (PBS, Chem-supply, pH 7.0) was freshly prepared and human serum was 
purchased from Sigma-Aldrich. 
3.3 Results and discussions 
Untreated MWCNTs are highly hydrophobic and difficult to form a uniform dispersion 
in aqueous media even after extended ultrasonication. To facilitate the dispersion of 
MWCNTs in aqueous environment, Nafion was introduced with a mass ratio of 
Nafion/MWCNT ranging from 2:4 to 10:4. When the mass ratio was above 5:4, well 
dispersed suspensions of MWCNTs were achieved, with a high zeta potential of -68.6 
mV and stability for more than 3 months with no sign of precipitation. In consideration 
of both low surfactant introduction and high dispersing stability, the Nafion/MWCNT 
composite with the ratio of 5:4 was utilized to prepare the electrode. In addition, 
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uniform films were produced by casting dispersions on a GC electrode, while 
significant aggregation took place upon drying pristine MWCNT suspension.  
  
Figure 3.1: SEM images of MWCNTs (A) and Nafion/ MWCNTs (B); TEM images of 
MWCNTs (C) and Nafion/ MWCNTs (D). 
The morphology of Nafion/MWCNT electrodes was examined using SEM. Compared 
to pristine MWCNTs, no significant disruption of MWCNTs was observed in the SEM 
and TEM micrographs of Nafion/MWCNT coated electrode, indicating that this non-
covalent method retained the MWCNT pristine structure [14]. Both electrodes showed 
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porous network structures on the surface; however, pristine MWCNTs coated electrodes 
contained more aggregated bundles and ropes (Figure 3.1A&B). Such aggregation was 
greatly reduced by the introduction of Nafion. The main reason is probably that 
nanotubes, due to the negative surface molecules, are able to preclude each other by 
electrostatic repulsion, inducing a debundled nanostructure. On a closer look by TEM, 
nanotubes in the Nafion/MWCNT exhibited a bi-layered structure with inner MWCNT 
coated with an outer layer of Nafion, and the thickness range of the Nafion layer is 
approximately 5-6 nm (Figure 3.1C&D). 
  
Figure 3.2: DPV of 10 µM DA, 200µM AA and 200 µM UA on the pristine MWCNT 
and Nafion/MWCNT electrodes. 
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In order to illustrate the effect of Nafion functionalisation on the sensing activity, two 
electrodes, modified with either pristine MWCNTs or Nafion/MWCNTs, were prepared 
for DA sensing under identical testing conditions. Nafion is commonly believed to 
efficiently improve the interaction between DA and the electrode because of protons on 
sulfonic acid groups that easily transfer from one acid site to another and thus form 
negatively charged -SO3
-
  in PBS solution [15]. In DPV measurements, high DA signals 
were obtained at Nafion/MWCNT electrodes at 99 A (over 12 times of unmodified 
electrode responses), accompanied with negligible AA response, while approximately 
9.8 and 8.1 A current was detected for 200 µM AA and 10 µM DA on the pristine 
MWCNT electrode (Figure 3.2). Fortunately, three peaks (around -0.02, 0.15 and 0.30 
mV vs. Ag/AgCl for AA, DA and UA, respectively) separate well from each other, 
making it possible to study the DA process from interferences. Indeed, the new 
electrode provides a significant impact on sensing DA and impeding AA & UA. Thus, 
we have achieved sensitivity and selectivity improvement by coating the electrode with 
negatively charged, highly uniform and porous Nafion/MWCNT.  
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Figure 3.3: (A) DPV of (a) 200 µM AA and different concentration DA (b-m: 0-10 µM) 
in the presence of 200 µM AA and  UA mixture; (B) calibration plots of peak current to 
the concentration of DA. 
To demonstrate this capability of low concentration DA determination, DPV were 
employed as highly sensitive methods to detect responding ranges on Nafion/MWCNT 
electrodes in PBS. As shown in Figure 3.3A, DPV curves record the target oxidation 
and electron transfer processes in different solutions containing 200 µM AA, 200 µM 
UA and various concentration DA (0-10µM). Peak currents for DA oxidation increase 
linearly as bulk concentrations of DA in the solution. This linear relationship is 
represented by Ipa=14.8CDA-0.50 (R=0.999, CDA: 0.1-2 µM) & Ipa=8.6CDA+11.8 (R=1, 
CDA: 2-10 µM) (Figure 3.3B). Consistent with high, separated and linear signal gain, 
this Nafion/MWCNT electrode performed exceptionally well as a detector of DA at 
submicromolar concentration, even with a detection limit as low as 0.1 M. 
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Figure 3.4: Amprometry of DA (0.1, 0.2, 0.4, 0.6, 0.8, 1, 2, 4, 6, 8 & 10 µM) with/ 
without 200 µM AA and  UA mixture; inset: calibration plots of peak current to the 
concentration of DA. 
In addition, amperometry method presents i-t curves at 0.2 V vs. Ag/AgCl resulting 
from successive addition of DA into PBS in a wide range of DA concentration from 0.2-
10 µM (Figure 3.4A). The current reached a stable step immediately after each DA 
addition in PBS with/ without AA and UA in a set of measurements. Moreover, the 
coexistance of AA and UA never interferes with the DA oxidation or electron transfer 
on the surface of the electrode. We attribute this to the effective and efficient catalytic 
property of the electrode and selectivity of Nafion/MWCNTs to the DA oxidation at 
specific voltage. Furthermore, the linear relationships between oxidation currents and 
DA concentration were obtained from 0-10 µM DA (Figure 3.4B). The linear equations 
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are present as Ipa=0.20CDA+0.017 (R=0.999) in PBS & Ipa=0.17CDA+0.076 (R=0.999) in 
PBS with 200 µM AA and UA, with a detection limit of 0.2 µM DA. It was found the 
current responses for same concentration DA were quite similar in both cases and DA 
measurements are reliable using amperometry determination in Nafion/MWCNT 
platform.  
 
Figure 3.5: (A) DPV of DA (a-g: 0.4, 1, 2, 4, 6, 8, 10 µM) on the Nafion/MWCNT chip 
in undiluted human serum; (B) calibration plots of peak current to the concentration of 
DA. 
For investigating the applicability of the proposed material, Nafion/MWCNT dispersion 
was inkjet printed on PET substrates as disposable sensing chips (Figure 3.5 inset). 
With an interest in practical applications, the printed chip was directly applied to detect 
DA content of real serum samples using DPV. A study was conducted utilizing healthy 
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human serum without any pretreatments and dilution. This method overcomes the 
drawback that the low concentration DA is diluted and can not reach the detection limit 
in the analytical system. Firstly, blank serum samples were tested in the same procedure 
as PBS system. No DA was found and fortunately, complex blood ingredients did not 
appear to interfere with the test procedure [5]. Subsequently, the method was applied to 
DA determination in undiluted sample with addition of different concentration DA 
(Figure 3.5A). The significant signals for DA were obtained with separation of serum 
background peaks. The linear equations are present as Ipa =0.30CDA+0.96, with the 
linear relative coefficient of 0.995 and a detection range of 0.4-10 µM (Figure 3.5B). 5 
chips were utilized to detect DA and the mean error is lower than 10%. This result 
confirms that the Nafion/MWCNT sensing is suitable to detect submicromolar DA in 
real samples. The direct DA detection in undiluted serum samples has for the first time 
been reported in a Nafion/MWCNT platform. Such satisfactory chips would provide an 
appropriate and sufficient strategy for the determination of DA in real samples with 
high sensitivity and selectivity. 
3.4 Conclusions 
In summary, a disposable Nafion/MWCNT chip has been successfully printed and 
applied to a sensitive and selective electrochemical sensor for DA determination in the 
presence of an excess of AA and UA in human serum. The simply fabricated platform 
not only resolved the overlapped current peaks of DA into other interferences, but also 
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achieved a dramatic electrocatalytic effect on the oxidation of DA by enhancing current 
signals. A widely linear relationship of DA signal against concentration was obtained 
from 0.1 M to 10 M, being free of interference from excess AA and UA. The chip 
was further applied in healthy human serum without any pretreatments and dilution and 
the satisfactory result was obtained. The simple equipment, ease of preparation and low 
cost of Nafion/MWCNT chips also demonstrates commercial potential in fabricating the 
sensor for point of care DA determination.  
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4. Immunosensing Platforms Using Spontaneously Adsorbed Antibody 
Fragments on Gold/Graphene oxide 
4.1 Introduction 
The first immunoassay using radioactively labelled antigens (Ag) or antibodies (Ab) 
was reported for human insulin sensing by Yalow and Berson in 1959 [1]. Then Engvall 
and Perlmann described a new method known as enzyme linked immunosorbent assay 
(ELISA) that involved immune responses stimulate by components of the immune 
system and chemicals in the body [2]. As a fundamental analytic tool, ELISA is widely 
used to identify a substance in research work in the lab, medical diagnosis (such as HIV 
test and pregnancy test), toxicology, as well as industrial application (quality control 
and allergen detection) [3-5]. The high sensitivity (>99%) and high specificity (>99%) 
is attributed to high specificity of the Ab/Ag interaction and this principle has been used 
to develop a diverse range of immunodevices. The immunosensor, as a biosensor based 
on this specific interaction, incorporates biological recognition to a transducer with 
signal generation. In this case, the electrochemical detection, such as potentiometry, 
amperometry and impedimetry, monitors a variation in electrochemical signal output 
caused by specific binding event between the antibody and the target analyte. The aim is 
to develop rapid, low-cost and user-friendly point-of-care approaches for the 
quantitative detection of analytes, allowing frequent testing and narrowing the delay 
between diagnosis and treatment, and improving the penetration of molecular 
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diagnostics [6].  Early work on immunosensors has been reviewed (Hock, 1997) and 
there are more recent reviews (Cosnier, 2005, Diaz-Gonzalez et al., 2005, Rodriguez-
Mozaz et al., 2006 and Centi et al., 2009) [7-10].  
 
Figure 4.1: Detection principles of AuNP immunosensors. The sensor surface after 
protein capture is shown on the left in the center. (A) The immunosensor after treatment 
with biotinylated Ab2 followed by streptavidin-modified HRP resulting in HRP–Ab2 
and providing 14–16 labels per binding event. B) The immunosensor after treatment 
with massively labeled Ab2– methylene blue (MB)–HRP particles to obtain 
amplification by providing around 500000 enzyme labels per binding event as the 
immunosensor platform [11]. 
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In addition to specific detection of analytes, the introduction of nanotechnologies and 
fabrication of transducers have led to the development of high performance 
immunosensor with scope for miniaturisation, great capabilities for simultaneous 
analyte analysis and high-throughput screening [12]. A sensitive, stable and 
reproducible human chorionic gonadotropin sensors was reported with assemble layer-
by-layer construction using gold nanoparticles and methylene blue  [13]. The large 
surface area provided by the nanoparticles increases the immobilization amount of 
antibody and sensitivity. Rusling and his colleagues described a microfluidic device 
showing 8-electrode array coated with the layer-by-layer (LbL) alternate 
electrostatically adsorbed antibody-loaded magnetic nanoparticles on each electrode [11, 
14]. Target proteins in serum are captured off-line by a heavily HRP (horseradish 
peroxidase) labelled antibody-magnetic particle to form antigen-bead bioconjugate that 
are separated from the sample magnetically and washed to remove non-specifically 
bound interferences. The flow is stopped to capture the particles on the electrodes. Then, 
antigen-magnetic particle complexes are injected into the device, and signals developed 
by resuming flow as well as injecting mediator and hydrogen peroxide 
The aim of this chapter is to investigate the immobilisation of anti-dopamine antibody 
fragments into the AuNPs/GO coated electrode and the application of this 
immunosensor for substance detection. Antibody fragments are providing valuable 
alternatives to full-length Abs for new biosensing devices because they provide small, 
stable, highly specific reagents against the target antigen [15]. The electrochemical 
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properties of sensing platform will be evaluated by CV and DPV. It is now possible to 
produce antibody fragments with a high specificity for their target analyte and for a 
much wider range of uses than available with naturally formed antibodies. 
4.2 Experimental 
 Reagents and materials 4.2.1
All reagents utilised for these chapter were analytical grade unless stated. The anti-
dopamine antibody was obtained from ABCAM and stored in -20 °C freezer. Pepsin 
(sigma) was stored at 4 °C prior to use. Acetate buffer was fresh prepared by mixing 
0.1M acetic acid and 0.1M sodium acetate and adjusted to PH 4.6. All solutions were 
prepared using 18MΩcm-1 deionised water. 
 Microwave assisted synthesis of AuNP/GO 4.2.2
GO was produced by Hummers’s method and purified using a freezing dryer [16]. As-
synthesized GO (0.05 mg/mL) was added to ethanol and hexane mixture (the ratio is 
2:23) including 4 mM HAuCl4 and 140 mM oleylamine. After stirred for 1 minute, the 
solution was sealed in a PTFE-lined pressure vessel in a microwave oven (MDS-10, 
Sineo Microwave Technology), heated to 90 °C and held at that temperature for 1 hour. 
The vessel was left overnight at room temperature and then the solution was centrifuged 
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at 6000 rpm for 15 minutes to collect AuNP/GO composites. In the oil bath synthesis 
method, the 0.05 mg/ml GO mixture described above was heated to 60 °C for 16 hours 
and obtained after centrifugation for three times.  
 Antibody fragmentation 4.2.3
Fab’ fragments of anti-dopamine antibody were used instead of the whole antibody. The 
first involved splitting the antibody into F(ab’)2 fragments and then cleaving them into 
Fab’. Prior to digestion the antibody (1 mg/ml) was diluted ten times by 0.2 M acetate 
buffer (pH 4.6). An equal volume of pepsin solution was prepared in the same buffer 
with an enzyme/antibody ratio of 1:20. Then three groups of the mixture were shaken in 
a 37 °C incubator for 1, 4 and 12 hours. As each group is removed, 2M Triz base was 
added to adjust pH to neutral to stop the reaction [17]. The antibody was cleaved into 
one F(ab’)2 fragment and numerous small peptides of Fc portion. The reduction of 
F(ab’)2 was prepared as protocol [18]. Equal volume of 2-MEA in 0.1M PBS (pH 7.2) 
was added to F(ab’)2 solution and the mixture was incubated at 37 °C for 1 hour. 
Followed by centrifugation at 6000 rpm, the fragments were washed by PBS buffer for 
3 times and collected in 0.5 ml Eppendorf tube. 
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 Antibody fragment immobilization 4.2.4
The immobilization procedure was performed on a glassy carbon disk electrode that was 
coated with AuGO, after the antibodies were cleaved into Fab’ fragments (Figure 4.2). 
The GC was polished by aluminium powder, followed by coating with 10 l AuGO. 
After the electrode dried in the fumehood, 10 µl antibody fragments of a concentration 
of 0.1 mg/ml was loaded to AuGO and incubated for 12 hours at 4 °C. The Fab’ 
immobilized electrode was ready to use after rinsed thoroughly with Milli-Q water to 
remove unreactive fragments. 
 
Figure 4.2: Scheme of antibody fragment and immobilization on to the AuNPs. 
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 Characterization of electrodes 4.2.5
The Zeta potential of AuNPs was measured using a Zetasizer Nano ZS (Malvern 
Instruments). Electrodes’ surface morphology was examined by an X-ray diffraction 
(XRD, S6000, Shimadzu), scanning electron microscopy (SEM, ULTRA Plus, Zeiss) 
and transmission electron microscopy (TEM, JEM2100, JEOL).  
 Immunosensor detection 4.2.6
Cyclic voltammetry (CV) was used to test the electrochemical performance of the 
AuGO electrode with or without antibody fragment immobilization. The working 
electrode in the system was recorded at different scan rates range from 20 to 200 mVs-1, 
respectively. The determination of the dependence of DA concentration on the 
electrochemical response was obtained using DPV method. The parameters used to 
record DPV are as follows: 0.05 V for the amplitude, 0.05 s for the pulse width, 0.025 s 
for the sample width, and 0.2 s for the pulse period, respectively. A CHI760C 
electrochemical workstation (CH Instruments Inc., USA) was utilized to perform all the 
electrochemical measurements. All measurements were conducted at room temperature 
in a standard three-electrode cell that consists of an AuGO/Fab’ working electrode, a Pt 
mesh counter electrode and an Ag/AgCl reference electrode.   
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4.3 Results and discussions 
 Design of Fab’/AuNPs/GO platform in the dopamine immunosensor 4.3.1
The optical colour change observed for gold during oil bath or irradiation of the salt (in 
this case without the presence of GO) can be seen in  
Figure 4.3A. The observed colour change from yellow to pink for the 
HAuCl4/oleylamine/hexane solution, with microwave stimulation, is characteristic of 
the formation of gold nanoparticles. The formation of a black mixture solution in oil 
bath corresponds to the reduction of AuCl4
-
 as well. This confirms there are larger 
(micro) gold particles in solution after heating for the metal.  
UV-Visible spectroscopy is applied to measure the AuNPs’ surface plasmon resonance 
and investigate properties, such as nanoparticle size, concentration, and aggregation 
level [19]. All samples synthesized in either oil bath or microwave oven were tested by 
uv-vis, which provided preliminary analysis of the successful presence of AuNPs in the 
solution in a short time (Figure 4.3). In the oil synthesis method, a peak appears in the 
UV-Visible spectrum at around 530 nm in the sample heated for 16 hours, while 1 hour, 
4 hours and 8 hours solutions did not show apparent gold uv absorption in the range 
from 350 to 1000 nm. Compared to the traditional method, microwave assisted 
synthesis is a more efficient way to produce AuNPs. The nanoparticles formed in one 
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hour’s microwave inradiation in both cases with GO incorporation or not. The presence 
of gold nanoparticle and GO sheet is also confirmed crystalline nature analysis by the 
XRD tests (Figure 4.4). Furthermore, the particle size distribution was measured by 
zetasizer and the analysis and characterization of AuNPs (1 h microwave) shows the 
size is around 3 d.nm of 99.7% volume. 
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Figure 4.3: (A) Optical images for gold salt solutions (top) prior to, (middle) subsequent 
to be heated in oil bath, and (bottom) microwave irradiation; (B) Uv-vis analysis of 
AuNPs synthesized in oil bath for 16h and microwave for 1h and microwave 
synthesized AuGO for 1h; (C) Zeta sizer test of microwave synthetized AuNPs. 
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Figure 4.4: XRD of the oil bath (A) and microwave (B) synthetized AuGO. 
The AuGO was synthesized by heating the solution containing graphene oxide sheets, 
HAuCl4 , ethanol, oleylamine and hexane for 16 h in 55 °C oil bath. A group of AuGO 
samples are prepared with a series ratio of Au/GO (16:1, 2:1, and 1:3) and heating time 
(8 h, 16 h, and 24 h). AuNPs decorated graphene oxide sheet was hypothesized to be 
facilitated by oleaylamine [20]. Au
3+
 is firstly reduced to Au
+
 and compounded with 
oleaylamine, and then the complex was adsorbed onto the GO which was dispersed in 
organic solvent with the assist of the long-chain alkylamine molecules, the complex 
self-organized into ordered supramolecular structures through aurophilic interactions 
[21, 22]. After heated at 55 °C for 8 h, no Au nanoparticles appeared on the GO surface 
(Figure 4.5A). The formation of Au seeds or particles is a slow process to reduce Au
+
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from oleylamine–AuCl. The scanning electron microscopy of AuNPs decorated on 
graphene oxide demonstrated that the particles produced by this oil heating method 
were clearly deposited between the graphene oxide sheets (Figure 4.5). The flower 
cluster nanostructure was obtained at the high ratio of 16:1 Au/GO and it exhibited a 
size range from around 200 and 500 nm in SEM (Figure 4.5 B, C &D) and TEM (Figure 
4.6A). The reducing HAuCl4 concentration leaded to the decreasing amount of particles 
appearing on the defect sites as well as the smaller size. 
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Figure 4.5: SEM images of the oil bath synthetized AuGO for 16 h with Au/GO ratio 
16:1 (A&B), 2:1 (C) and 1:3 (D); the oil bath synthetized AuGO for 24 h (E) and 8 h 
(F) with Au/GO ratio 16:1; and microwave synthetized AuGO for 1h with Au/GO ratio 
16:1 (G&H). 
 
Figure 4.6: TEM images of the oil bath AuGO (A) and microwave synthetized AuNPs 
(B)  and AuGO (C&D). 
Chapter 4 
64 
 
Microwave irradiation provides a convenient, safe and economic method and has been 
used to speed up a range of organic chemistry reactions [23, 24]. Microwave assisted 
AuGO synthesis is a very fast process and the electric energy can be directly transferred 
to the reactant regents with a rapid temperature increase. The AuNPs were produced 
when the mixture solution was heated in pressure vessel in a microwave oven for 1 h 
(Figure 4.5G&H and Figure 4.6C&D). In addition, the SEM and TEM provide clear 
evidence of a narrow size distribution (from around 8 nm to 14 nm) highlighting the 
reactivity of the radicals produced by this method. 
 Quantitative dopamine detection with AuGO/Fab’ electrode 4.3.2
CV experiments were conducted to detect the electrochemical properties of the AuGO 
coated on the glassy carbon electrode as well as the antibody fragment loaded AuGO 
(Figure 4.7). In the CV curves, the double layer capacitance was always present and 
increased as the scan rate rose. The capacitive current flow is not related to redox 
reactions, it is therefore mostly regarded as “background current” to the reaction [25]. 
By comparing the electrodes with or without the presence of Fab’, electrochemical 
current output at double-layer region decreased due to the Fab’. The induction of protein 
resulted in a significant rising of electrical resistance that was attributed to the 
combination of less effective charge transfer at the electrode interface and double layer 
capacitance within the catalyst layer. The application of both kinds of AuGO electrodes 
produced a Faradic response in deaerated 0.1M PBS as well as a double layer effect. In 
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the CV measurements of the AuGO/Fab’ electrode, the presence of 100 M DA in PBS 
was oxidised and generated responses at about 0.21 V vs. Ag/AgCl. The CVs clearly 
showed symmetric redox peaks that can be ascribed to the electron transfer-chemical 
reaction-electron transfer (ECE) mechanism of dopamine electrochemical oxidation.  
 
Figure 4.7: CV of the microwave assisted synthetized AuGO electrode (A) and 
AuGO/Fab’ (B) in 100 M DA solution (pH 7.0 PBS) at different scan rates (a-k): 10, 
20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mVs-1. 
The AuGO/Fab’ electrode was utilized to determine dopamine in the pH 7.0 PBS 
solution. As shown in Figure 4.8, it can be seen that approximate 0.24 A and 0.1 A 
current was detected at 0.17 V vs Ag/AgCl for 100 µM and 10 µM DA, respectively. 
The DPV curves for 10 and 100 M DA on AuGO electrode investigated signals from 
0.04 to 0.5 V vs. Ag/AgCl with a peak at 0.25 V vs. Ag/AgCl. Both electrodes were able 
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to detect dopamine as low as 10 µM and in the case of 1 below µM, noise and 
instability have impacted on the determination. However, loading with the antibody 
decreased signal (i.e. Ipa), the Ipa for a 100 µM DA solution at the AuGO electrode 
(1.01 µA) was 4 times higher than that of AuGO/Fab’ electrode under  identical testing 
conditions. Fortunately, AuGO/Fab’ showed an efficient oxidation with narrow respond 
distribution (0.09-0.26 V vs. Ag/AgCl), which demonstrated the trend of high 
selectivity.  
 
Figure 4.8: DPV of the microwave synthetized AuGO electrode (A) and AuGO-Fab’ 
(B) in 10 (black) and 100 (red) M DA solution (pH 7.0 PBS). 
The aim of induction of antibody fragment is to develop a simple biorecognition 
molecular based analytical test which combines the great sensitivity immunoassays. It is 
hypothesized that electrochemical performance is enhanced, such as low limit of 
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detecting and increasing signals. Unfortunately, the AuGO/Fab’ electrode does not 
show numerous improvements in the dopamine determination. The above demonstrated 
failure may be ascribed to two main reasons. The first one is the properties and amount 
of the antibody fragment on the AuGO surface. The pepsin digestion and 2-MEA 
cleaving were used to split the anti-dopamine antibody to useless Fc and Fab’ which 
contained the specific targeting site of antibody and displayed similar specificity of the 
whole antibody [26]. Due to the limit of a chemistry lab, I did not conduct the analysis 
of the activity and amount of Fab’ obtained, resulting in uncertain affinity of the 
immunoelectrode to the antigen. Secondly, low molecular weight target detection may 
be out of the sensitivity of the immunosensing [27]. The direct electrochemical 
immunosensor can detect the antibody-antigen complex formation by certain 
measurements. Antibody-antigen interaction leads to a change in surface properties 
which is sensed by potential and capacitance on the surface of the transducer. The 
limited change in mass of surface-immobilized species may significantly impact on the 
determination.  
4.4 Conclusions and further study  
In this chapter, anti-dopamine antibody fragmentation and immobilisation of Fab’ 
fragment into the AuNPs/GO coated electrode was described. And the application of 
this immunosensor for substance detection was investigated in this study. The 
electrochemical properties of AuGO/Fab’ were tested by CV and DPV. Although the 
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low limit of detecting was not reached, the Fab’ loaded immunoelectrode narrowed the 
oxidation potential.  
Further study will be conducted on obtaining the fragment in different conditions such 
as enzyme concentration, digestion time and so on. In addition, the analysis of the 
fragment affinity is proposed by western blot or ELISA. The whole antibody based 
immunosenor is in the future project as well.  
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